We present the design and evaluation of pressure-based interactive control of 3D navigation precision. Specifically, we examine the control of gain factors in tangible 3D interactions using locally-coupled mobile devices. By focusing on pressure as a separate input channel we can adjust gain factors independently from other input modalities used in 3D navigation, in particular for the exploration of 3D visualizations. We present two experiments. First, we determined that people strongly preferred higher pressures to be mapped to higher gain factors. Using this mapping, we compared pressure with rate control, velocity control, and slider-based control in a second study. Our results show that pressure-based gain control allows people to be more precise in the same amount of time compared to established input modalities. Pressure-based control was also clearly preferred by our participants. In summary, we demonstrate that pressure facilitates effective and efficient precision control for mobile 3D navigation.
INTRODUCTION
We present the design and the evaluation of a prototype that adds pressure-based input sensing to the back of a mobile device. Pressure or isometric force is a continuous form of input that is increasingly used in HCI systems. The recent release of devices equipped with 3D-touch 1 may well encourage an even higher number of manufacturers to provide to equip their systems with this input channel-so our research enables future developers to design pressure-based control effectively.
We use pressure as an input channel to provide users with a manual control of the gain factor associated with the tangible 1 https://developer.apple.com/ios/3d-touch/ Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from permissions@acm.org. CHI 2017, , Denver, CO, USA. Copyright is held by the owner/author(s). Publication rights licensed to ACM. ACM ISBN 978-1-4503-4655-9/17/05 ...$15.00. http://dx.doi.org/10.1145/3025453.3025890 manipulations of 3D content shown on the device. Gain factors (also called control-display gain, CD gain; [8, 36, 56] ) play an important role in interaction. Hinckley et al. [25] even state that one of the major hurdles with 3D interaction is to be able to "provide an interface which effectively integrates rapid, imprecise [...] object placements with slower but more precise object placement, while providing feedback that makes it all comprehensible." Past work has focused on techniques to set the CD gain for mouse or tactile interaction (e. g., [6, 13, 36, 56] ), but some work for direct 3D input [30, 31] and interaction in VR [22] exists as well. In the special case of tangible manipulations, different gain factor for the same interaction mapping can make a manipulation extremely exhausting and frustrating (e. g., when the gain factor is low and the user has to make many different arm/hand/shoulder movements) or really frustrating (e. g., when the gain factor is high and the manipulation not precise enough).
Previous work in the context of 3D manipulations [7] has shown that tactile manipulation of a slider widget during tangible manipulation was not appropriate: even though users could precisely set the gain factor, they did not want to stop their current interaction to reset the gain factor. With our pressurebased control we present a new approach to control the gain factor independently from the other input modalities.
Our contributions are thus threefold. First, we present the design of a back-of-device pressure-sensing system controlling the gain factor associated with tangible manipulation of a mobile device. Second, we study the pressure-based control of gain factors to learn which interaction mapping is preferred by participants and used most efficiently by them. Finally, we compare this pressure-based form of gain control with established mappings including velocity-based, slider-based, and rate control. Our evaluation comprises performance workload and fatigue measures as well as subjective preferences. Our results show that pressure-based control was not only clearly preferred but also that pressure-based gain control allows people to be more precise in the same amount of time compared to established input modalities.
Back-of-Device Interaction
Several research projects have investigated interaction on the back of the device as a way to eliminate on-screen occlusion. For instance, systems like BehindTouch [26] and BlindSight [34] use a 12-key pad on the back of a mobile device. In particular for small devices, occlusion is one of the biggest usability issues. In the context of very small screens, Baudisch and Chu [5] as well as Wigdor et al. [52] thus propose to combine back-of-device interaction with a see-through effect to improve pointing. Liang et al. [35] also propose to use a secondary mobile device attached to the the back of the first one to facilitate tactile input above and under the mobile device and thus support task such as rotation, translation, stretching or slicing. Similarly, Shen et al. [47] propose a set of gestures for 3D interaction with back-to-back devices. In addition, back-of-device interaction has been used on larger devices. For instance, Wigdor et al. [53] propose to use a two-sided interactive touch table to add a new dimension of input for co-located collaborative work. Finally, back-of-device interaction has also been used combined with other types of input; e. g., with stylus input on a PDA [49] or to detect bending using a position sensor on the back of the Gummi device [45] . We build on the general approach of back-of-device input to provide easily accessible pressure control when interacting while holding a tablet.
Pressure as an Input Modality
Pressure input is a continuous input data [12, 14, 43, 48] that has been shown in the literature to be usable as a primary modality for a variety of tasks. Early work conducted by Buxton et al. [12] includes an example of a drawing application. Buxton et al. map continuous pressure data to a continuous scale that varies the width of the painting brush, allowing users to control both width and path with a single finger. Brewster et al. [9] , for instance, use pressure to control text entry. They map the pressure input to two discrete states: a light pressure will be mapped to lowercase letters while a strong pressure will be mapped to uppercase letters. Similarly, Mclachlan et al. [38] and Wilson et al. [54] use pressure-based menu selection on mobile devices. Ren et al. [44] use pressure values of penbased interfaces to control the continuous size of a circular cursor (or its contexts) to assist users for selection tasks. Other non-touch-enabled devices also make use of pressure as a primary input. For instance, Issartel et al. [29] use pressure input to realize a grasping metaphor on a tangible volume. In their case, pressure controls a state representing whether the user is trying to grasp-for pressure larger than a given threshold-or release a virtual object. In our work we map the pressure input to a continuous range of gain-factor values.
Pressure input can be captured by means of force-sensing resistors (FSRs) [38] or can be indirectly captured on touch screens. One of the techniques used for this purpose builds on the fact that a higher pressure on a point leads to a wider point of contact between the finger and the surface [11] and was implemented by Forlines and Shen [21] or Benko et al. [6] . Arif and Stuerzlinger [2] , for instance, use it to create a technique to bypass incorrect word predictions of text entries on a tactile device. While this indirect sensing of pressure on touch-screen is promising, in our work we only consider sensor-captured pressure. Indeed, even though our prototype has a touch screen, we take advantage of back-of-device pressure sensing which is easier to achieve with simple FSRs.
A vast majority of studies conducted on pressure in the HCI community have focused on determining how many distinct levels of pressure can be applied by users. Early work conducted by Herot and Weinzapfel [24] already suggested that accuracy with pressure input methods is achievable with a continuous and real-time visual feedback. With the presence of a visual feedback, pressure-based interaction has been proven to be highly accurate. For instance, Cechanowicz et al. [14] proved that users could differentiate between 64 modes on a dual-pressure augmented mouse, while Wilson et al. [54] showed that users could distinguish accurately up to 10 levels of pressure with adequate feedback on a mobile device. The value obtained in the former is high enough for us to consider it as a virtual continuous scale. The value obtained in the latter can still be seen as close to continuous for our purposes. Indeed, participants in our study had to use pressure input to vary the gain factor from 0.3 to 3 (i. e., by a factor of 10).
Pressure as Augmentation
Pressure can be a direct and primary way to interact on mobile devices and thus can replace touch interaction. We are investigating, however, the use of isometric force as a supplementary, auxiliary input that could augment or complete other input technique. Touch and pressure input have been combined in the past, for example, by Arif et al. [1] to increase the security of conventional digit-lock of recent smartphones. McLachlan et al. [37] investigated this characteristic of the pressure input in the context of bimanual interactions on mobile devices. They could not find evidence that would suggest that the pressure input had effects on the accuracy of the dominant-hand performing touch inputs. Similarly, McLachlan and Brewster [38] , demonstrated that the ability to perform simultaneous pressure inputs and touch gestures depended on the complexity of the gesture. Tangible 3D manipulations are regarded as natural since they are based on skills people have developed through their everyday interactions [27] . We thus hypothesize that these results may be generalizable to tangible 3D manipulations of a mobile devices and that thus the pressure input facilitates an additional and independent form of control to be used to adjust the gain factor in 3D interactions. Ramos and Balakrishnan [42] proposed such a combination of pressure and touch input. The first modality is used to provide a fluid integrated manipulation of the scale while the touch input is used to provide parameter manipulation within the pressureobtained scale. Similarly, Ramos et al. [43] combined position (obtained via touch input) and continuous pressure input (obtained from a stylus) to provide Pressure Widgets on mobile devices. Our design builds on their ideas but we use pressure to adjust the gain factor, while 3D navigations are still carried through physical manipulation of the tablet.
PROTOTYPE
To test this interaction concept we used an existing mobile device as a locally-coupled 2 tangible 3D exploration tool and fitted it with pressure sensors (see Fig. 1 ). We used a Google Tango tablet 3 as it provides both a tactile screen and a positionaware mechanism that facilitates tangible manipulations. We then augmented the tablet with back-of-device pressure FSR sensors that are located right under users' fingers on the back of the tablet. The FSR sensors are often used in pressuresensing prototype [37] and we coupled them to a RFDuino board, each one of them with a 3.3kΩ resistance. The sensitivity of the FSRs depends on the value of the resistance and a pilot study with six participants allowed us to determine that 3.3kΩ was ideal in our case. To keep the prototype fully portable, the RFDuino board is powered by a cable that connects it to the micro-USB port of the tablet. The pressure values are computed by the RFDuino board and sent over Bluetooth Low Energy (BLE) to the tablet. Clutching is achieved by putting/removing the fingers from the pressure sensors Fig. 2 . While we first wanted to realize the clutching through touches on the screen, another pilot study showed us that it was easier for people to clutch with the pressure sensors. Because previous work [14, 48, 54, 55] has shown that pressure input is made more precise with the help of visual feedback, a cursor (aka slider) was added to the GUI on the tablet to reflect the gain-factor value obtained with pressure input. This kind of visual feedback has been used before in 3 https://get.google.com/tango/ various studies and setups such as the ones used by McLachlan et al. [37, 38] .
EXPERIMENT 1: CHOICE OF FORCE MAPPING
We conducted a first study to compare two possible pressurebased gain factor adjustment techniques. The first technique (P1) maps the pressure of the sensors directly to the gain factor: a high pressure results in a higher gain factor, i. e., to larger/stronger motions. The metaphor for this mapping is that the stronger pressure forces are equivalent to stronger and larger motions, and that lower pressure thus yields a more precise control. The second technique (P2) does exactly the opposite: a high pressure results in a lower gain factor, i. e., to more precise motions. The metaphor of this second technique is that with stronger pressure the interacting person holds on more tightly to be able to better control a precise manipulation. Our goal with this experiment was to determine whether one of these two technique yield better results and/or is preferred by users and thus to to determine which mapping we should use in our follow-up experiment.
Participants
For this first study we recruited 12 unpaid participants (2 female; ages 21-39, mean = 26.75, med = 26, SD = 5.01). Six of them had at least university degree, while the remaining six had at most an A-level equivalent. Five of of the participants were used to 3D manipulation through the extensive use of video games or 3D software. All participants were right handed and had normal or corrected-to-normal vision.
Procedure and Task
We first presented participants with the tablet device and told them they would have to perform translation and rotations in a 3D virtual world. We presented them the application and showed how the clutching was achieved. An initial docking target was already present during this training phase of the experiment. We asked participant to try and use the tablet so as to match the target docking. The purpose of the training was twofold. First, as highlighted by Issartel et al. [28] , we wanted to assert whether the participant preferred allocentric or egocentric mapping. 4 Because our docking task was similar to the first environment used by Issartel et al. [28] which showed a 70% preference for the egocentric mapping, we set the initial mapping to egocentric. However, this initial training could be used to set it to allocentric if participant felt that they could not use the mapping correctly. Four participants did so and set their mapping to allocentric. Second, the gain factor was set by the experimenter for the initial training once to both a high value (i. e., 3) and to a low value (i. e., 0.3)-to let our participant understand the need for a manual control of the gain factor. Achieving a precise positioning was almost impossible with the high gain factor because it was too sensitive, while it took more than a minute for participant to do Figure 2 . Illustration of the clutching mechanism: (a) fingers are not on the pressure sensors, thus movements sensed by the tablet are not propagated to the virtual object; (b) the force applied to the pressure sensors is mapped to the slider such that movements are now propagated to the virtual object; (c) if the pressure is low the slider value and the gain factor value are low such that the virtual object is translated only by a little; (d) if the pressure is high the slider value and the gain factor value are high such that the virtual object is translated more than in (c).
it with a low gain factor. Each participant thus experienced both extreme gain factors, in a counter-balanced order. During training, participants had an unlimited time to get used to the manipulation of the tablet and the purpose of the docking task.
Once they expressed to be familiar with the interaction techniques and task type, the experimenter launched the actual experiment. Participant were asked to complete 20 docking tasks for each technique (i. e., a total of 40 docking tasks), for each of which they had a maximum of 30 seconds. The order of technique was counter-balanced to avoid learning biases. The pool of possible docking targets had been manually created ahead of time to ensure that participants had to frequently manually change the gain factor. For each trial, the target was randomly picked from this pool and then removed from the pool. At the end of the experiment, each participant's preference was asked by the experimenter and a semi-structured interview was conducted to determine whether participant could use the technique properly.
Hypotheses
We hypothesized, based on previous work [37, 38] , that (H1) the use of pressure as an input modality to control the interaction gain factor would not endanger the use of tangible control of 3D manipulations using the mobile device. We also hypothesized that (H2) it would be more natural for users to use P2 than it is to use P1 and that P2 would thus outperform P1-due to our own observations that people playing video games often put a lot of effort in being precise and, as they perform these precise interactions, tend to squeeze their game controller.
RESULTS OF EXPERIMENT 1
We collected a total of 480 docking trials from our 12 participants, i. e., 240 per technique. In addition, we recorded the answers of the participants in the semi-structured interview and analyzed our participants' subjective preferences and a comparison of their subjectively rated intuitiveness. First, to analyze our hypothesis H1, we specifically asked our participants during the semi-structured interviews about whether the additional pressure-input was harmful to their 3D manipulations. None of them reported so. We thus fond no evidence that would refute H1, making the pressure-based gain factor manipulation a viable option for tangible 3D interaction.
To assess the docking precision and thus to analyze H2, we then compared the Euclidean distance of and the angular difference between the manipulated object and the docking target. 5 We first discuss the Euclidean and the angular distance to the target, for both technique. The Euclidean distance is computed as the distance between the centers of the two objects. The angular difference d a is computed as
with q o being the quaternion of the manipulated object, q t being the quaternion of the target, thus q d being the difference quaternion, and q ω being the ω component of an ω + xi + y j + zk quaternion with i 2 = j 2 = k 2 = i jk = −1. We then aggregated and averaged both the angular and the Euclidean distances per participant. The distribution is not normal, so we estimated population means using 95% bootstraped confidence intervals (CIs). Fig. 3 clearly shows that there is no evidence of a better performance of P2 over P1 for both the Euclidean distance and the angular distance to the target.
Even though we found no evidence of a performance difference between the two techniques, there were differences in 5 Data from HCI experiments has often been analyzed by applying null hypothesis significance testing (NHST) in the past. This form of analysis of experimental data, however, is increasingly being criticized by statisticians [4, 16] and within HCI [18, 19] . Therefore, we report our analysis using estimation techniques with effect sizes and confidence intervals (i. e., not using p-values) as recommended by the APA [51] . The term effect size here simply refers to the measured difference of means-we do not make use of standardized effect sizes [15] because their use is not generally recommended [3] . While we make use of estimation techniques, a p-value-approach reading of our results can be done by comparing our CIs spacing with common p-value spacing as shown by Krzywinski and Altman [33] . preference. Fig. 4 shows aggregated ratings of the intuitiveness of each technique on a five-point Likert scale, and 11 out of our 12 participants reported that their favorite technique was P1 which maps a strong pressure input to a high gain factor. They all explained during the semi-structured interview that it felt more logical to have such a mapping. The remaining participant had no overall preference but stated that P1 also seemed more logical. Furthermore, four participants reported that P1 was less tiring than P2 and another six stated that P1 was easier to use. Finally, three participants reported a higher exit error issue-often found in tactile interaction [50] -with P2. Indeed, when leaving a state of high pressure to release the fingers and clutch, the gain factors gets from a very low value to a high value and any involuntary movement of the tablet at that time is thus followed by a relatively big movement of the manipulated object in the virtual world. For all the above reasons, we thus refuted hypothesis H2 and decided to use P1 as the primary mapping for the following experiment.
EXPERIMENT 2: USABILITY OF GAIN FACTOR CONTROL
Our second study used the same prototype and task as Experiment 1. However, we asked participants to perform the docking task with one of four different techniques to compare our pressure-based technique to three established mappings: slider-based control, velocity-based control, and rate control. The first one used a touch-based slider on the dominant hand's side of the screen that allows users to manipulate the gain factor. Arguably, sliders are the most commonly used ways to provide values within a specific range in regular interfaces and, in contrast to keyboard input, are effective on mobile devices. We told each participant that they could change the placement of the slider to the left or right side regardless of their dominant hand. The second technique used the velocity of the tablet's movements (rotations and translations) to derive the gain factor-similar to mouse-based gain factor control [13, 20, 22] . The third technique used a rate-control approach: the further the tablet was translated/rotated away from its initial position, the higher was the gain factor for translation/rotations. However, because rate-control has been proven to be inappropriate for devices without a self-centering mechanism [57] , we compensated by adding a centering mechanism based on clutching. Still, rate-control is frequently used for 3D games with remote controls or joysticks so we deemed it an appropriate candidate for a comparison with the added centering mechanism. For the sake of fairness, the value of the gain factor was represented on the (potentially inactive slider in all cases. We also note that the gain factor ranges were identical for all conditions. We used the pilot studies to find appropriate (linear) mappings from the available input value ranges of these three techniques to the range of gain factors.
Participants
For this study, we recruited 24 new unpaid participants (9 female; ages 20-53, mean = 31.6, med = 26.5, SD = 11.1). Twelve of them had at least a university degree (bachelor or equivalent), while the remaining half had at most an Alevel equivalent. Half of them were experienced with 3D manipulation through extensive use of video games (9×) or 3D modeling software (3×). Two participants were left-handed and all participants had normal or corrected-to-normal vision.
Procedure and Task
This experiment was largely based on the precudure of Experiment 1, using the same docking task. Participants were first greeted and introduced to the tablet device, before being told that they would perform translations and rotations with it. We explained the clutching mechanism and made them perform the docking with the high and low gain factors to allow them to understand the necessity of a manual gain factor control. We asked participants to complete 20 docking tasks with each of the mentioned 4 different techniques (total of 80 docking tasks). For each docking task we allowed participants up to 20 seconds, a time span that is based on the average time of 19.2 seconds it took participants to complete the task in Experiment 1. The second experiment thus lasted a bit more than 26 minutes overall.
Similar to Experiment 1, the second study also used an egocentric mapping but participants could change it during this training phase. Eleven participants stated that this mapping was not completely natural for them and switched to an allocentric mapping. In between each technique, participants were asked to fill in a questionnaire to assess their workload and their fatigue. For the former, we used NASA's Task Load Index (TLX). 6 For the latter, we created our own questionnaire based on Shaw's approach [46] . To avoid seemingly random choices made in the second part of the TLX (which were often seen as confusing by participants in our pilot studies) that would lead to inconclusive or even incorrect results, we removed the second part of the TLX questionnaire. We thus performed a RAW TLX (RTLX) which, according to Hart's survey [23] , is equally well suited as a regular TLX. Finally, at the end of the experiment-and following Nielsen's [39] recommendation for the evaluation of subjective preferenceswe asked participants to rank each technique based on their preferences and we conducted semi-structured interviews.
To avoid participant response bias [17] , we told our particpants that all the techniques were state-of-the-art techniques, that none of them was invented by us, and that we simply wanted to evaluate how they performed with each of them. Our participant number of 24 ensured that each sequence of conditions was tested exactly once in a counter-balanced fashion). 
Hypotheses
Based on pilot studies and previous work results, we formulated a number of hypotheses:
H3 Even with the clutching mechanism to reset the interaction center, participants' performances using rate control will be poor and it will not be preferred by our participants. The reason is that, even with an added clutching for recentering [57] , on locally-coupled devices the interaction will not be natural due to the conflict of the rate control for the gain factor with the tangible position-based control of the 3D manipulation and it will thus not be understood correctly by most participants. H4 Pressure-based control will have a higher performance (accuracy) than the three other techniques because it facilitates gain factor manipulation using a separate input channel that does not disrupt the tangible manipulation. H5 Pressure-based control, however, will cause a higher fatigue in participants' fingers due to the additional force that is necessary compared to the other interaction techniques. H6 Speed-based control will be the cause of a high overall fatigue and physical demand, even though the mental demand would be low compared to other techniques-we noticed that participants in our pilot studies tended to resort to overly fast movements to ensure that the gain factor will be high, causing sore arms and shoulders.
RESULTS OF EXPERIMENT 2
We now discuss the measured performance values in form of the Euclidean and the angular distance to the target. We also present participants' subjective preferences as well as their self-assessed fatigue, and workload. Similar to Experiment 1 we report our results using simple effect sizes.
Euclidean and Angular Distances
We collected a total of 1920 trials from our 24 partcipants, 480 per technique. We averaged our distance observations per participant and computed population means using 95% bootstrapped confidence intervals.
The Euclidean distances to the target for all four techniques is shown in Fig. 5(a) . These results show strong evidence for a better performance of pressure-based, speed-based, and slider-based control compared to rate control. There is also weak evidence for a better performance of pressure-control over the slider-based and speed-based methods. To assess this difference in detail, we looked at the difference between pressure-control and the three other condition as shown in Fig. 5(b) . The fact that none of the confidence intervals for these differences overlaps with zero supports our finding of pressure-based control of the gain factor being more accurate than the other techniques: it leads to 3.6 smaller Euclidean distances than rate-control, 1.4 smaller than speed-based control, and 1.3 smaller than slider-based control.
The angular distances to the target for all four techniques are shown in Fig. 6(a) . Again, there is a strong evidence that rate control is outperformed by all three other techniques. While there is no evidence for a difference in performance between speed-based and slider-based control or pressurebased and slider-based control, there is slight evidence that pressure-based control may also perform better than speedbased control for rotational distances. Similar to the analysis of the Euclidean distance, we computed the pair-wise differences between pressure-based control and the other techniques and show them in Fig. 6(b) . These values confirm that pressurebased control of the gain factor allowed participants to obtain a better angular accuracy than rate-control and speed-based controls The confidence interval of the difference between slider-based and pressured-based control, however, overlaps 0 so that we claim a difference between these two modalities.
Workload
The individual results of the TLX questionnaire are shown in Fig. 7 . Fig. 7(a) suggest that strong evidence exists of speed-based control being physically more demanding than slider-based control, but we cannot make any further conclusion with respect to the other techniques. Fig. 7(b) , however, shows strong evidence of rate control being approximately 1.5 times more mentally demanding that the other three techniques. Fig. 7 (c) exhibits strong evidence of rate control being temporally more demanding than pressure-based, speed-based, and slider-based control. We conjecture that this observation results from participants being more stressed with a technique that they did not master, thus suggesting that rate control does not give them the level of control they wanted. This hypothesis is further reinforced by the confidence intervals shown in Fig. 7(d) which provide strong evidence for rate control giving a much higher (at least twice and almost three times as much when compared to pressure-based control) perceived performance than the other three conditions. Fig. 7(d) also provides strong evidence of a better perceived performance for pressure-based control than for the slider-based or speed-based conditions. While there is no evidence for an difference in effort between rate control, speed-based, or slider-based control, Fig. 7 (e) provides strong evidences of pressure-based control being less effort-demanding than the three other techniques. Similarly, Fig. 7 (f) has strong evidence that pressure-based control is less frustrating by a factor of two than rate control, and strong evidence for speed-based and slider-based control to be less frustrating than rate control.
The overall TLX workload is shown in Fig. 8 . There is strong evidence for a higher workload of the use of rate-control compared to the other techniques. While we cannot find evidence for differences in workload between speed-based and sliderbased control, there is evidence that pressure-based control is overall less demanding than all the other techniques. Fig. 9 presents the results of the fatigue questionnaire that each participant filled in after each condition. We used a 11-point Likert scale (0 meaning no fatigue at all and 10 meaning extreme fatigue) for fingers, hands, arms, and shoulders. Fig. 9(a) suggest that there is strong evidence of the pressure-based control being slightly more tiring (between 1.3 and 1.5 times) for the fingers than the other three techniques. It appears, however, that the overall finger fatigue caused by a pressurebased control is still not too high. We also can see in Fig. 9(b) that all techniques result in a similar hand fatigue. Fig. 9(c) and Fig. 9(d) provide strong evidence of speed-based control causing more arm and shoulder fatigue than pressure-based and slider-based control. However, there is no evidence of a fatigue difference between rate control and the other three conditions for arms and shoulder. The total fatigue measurements are shown in Fig. 10 . Fig. 10(a) treats all four fatigue aspects equally and derives the total fatigue measurements as a sum of the individual factors. From these sums we cannot find evidence for a difference in the overall fatigue measure between the different technique. However, the different fatigue aspects may be more or less important to people, so we also asked our participants about the importance of the individual fatigue aspects and derived a weighted aggregated fatigue rating in Fig. 10(b) . The mean weighted aggregated fatigue rating is lowest for pressure-based control, with weak evidence of it being different from speed-based control. 
Fatigue

Preference and Qualitative Feedback
After the experiment, we asked participants to rank the technique from their preferred (1) to their least preferred (4) method for which we present the results in Table 1 . The pressure modality was most preferred 15× and the slider-based control, the speed-based control, and the rate-control were most preferred by 3 participants each. These results show a strong preference for the pressure-based control of the gainfactor. Similarly, we found that most participants did not like the rate control technique. It is more difficult, however, to state a definite difference between speed-based and and sliderbased control. To better analyze this result, we determined the number of times each technique was picked as the favorite with simultaneous confidence intervals (that are applied on a multinomial distribution) and show the result in Fig. 11 . The non-overlapping confidence interval of pressure-based control with all three other techniques allows us to infer that pressurebased control is likely to be the preferred technique by a vast majority of the population.
Participants also voiced interesting comments during the study. Two participants stated that the pressure-based control gave them a better feeling of precision and of being in control, thus "eliminating all the temporal pressure of the experiment." Two other participants also reported that, although the "speed-based control [was] interesting," it was difficult to evaluate and find the correct speed needed to achieve what they wanted. Three participants who picked the slider as their favorite technique stated at the end of the experiment that it was "easy to use" and that it gave "the more precise control of the gain factor."
DISCUSSION
Based on these results we now discuss our most relevant and interesting findings. Our ultimate goal in this work is to find a modality that is suitable for gain factor control for 3D tangible manipulations of a locally-coupled device. 
Performance
Support for our hypothesis H3 comes from the poor performance of rate control compared to the other three techniques. For both Euclidean and angular distances, rate control exhibits performance results that do not make it a viable technique for gain factor manipulations. One of the reasons for this finding is likely the lack of self-centering mechanism [57] . However, an interaction technique based on rate control is also an indirect and joystick-like manipulation which contrasts the direct manipulations otherwise offered by the tablet. This contrast may also contribute to the poor performance of rate control we observed with our participants.
For both Euclidean and angular distances, our study did not reveal a difference between speed-based and slider-based control. Both techniques also performed noticeably better than rate control. Pressure-based control, however, clearly provided better performances in terms of Euclidean distances-even though this difference could not be found for the angular distances. We can thus partially confirm our hypothesis H4: the overall performance obtained by pressure-based control is better than the three other conditions, but the difference (compared to slider-based and speed-based control) is small and only noticeable for Euclidean distances.
Fatigue
We can confirm our hypothesis H5: pressure-based control caused more fatigue in participants' fingers than the other three interaction techniques. However, for hand, arm, and shoulder fatigue the pressure-based control caused only as much fatigue or less compared to the other techniques we tested. Hypothesis H5 should thus be treated in a nuanced way. This point is further reinforced by the overall and weighted overall fatigue ratings we showed in Fig. 10 that exhibit no evidence for pressure-based control causing more fatigue than the other techniques overall. We can thus conclude that fatigue considerations do not prevent us using pressure-based control. Moreover, we conjecture that finger fatigue could have been reduced with if the pressure sensors were better integrated in the device: In our study the participants pressed their fingers on a bare and hard pressure sensor attached to the tablet. The use of memory foam or other visco-elastic components above the pressure sensors could probably reduce the finger fatigue.
We can, however, dismiss our hypothesis H6. Not only was the mental workload of the speed-based control similar to that of the other techniques (or smaller than that of rate control), but also the overall fatigue it caused was not higher than the fatigue of the other techniques-except potentially compared to pressure-based control in the weighted average.
Workload
While the individual workload aspects may each be slightly different, the overall workload is lower for pressure-based control than for all the other techniques. This result only further supports our conclusion about the performance measurements and fatigue ratings, showing that pressure-based control is not only a viable contender but an ideal choice for the adjustment of the gain factor. Moreover, the perceived performance ( Fig. 7(d) ) was best with pressure-based control. This specific result means that our participants were not only more precise with this technique but also had the highest confidence in their results in this experimental condition.
Preferences
In addition to all these measured benefits, our experimental results also allow us to conclude that pressured-based control was clearly the favorite technique to adjust the gain factor among our 24 participants. Indeed, 15 of them reported that it was their preferred technique. Such a ratio allows us to generalize our results beyond the pool of our 24 participants: overall, people will likely prefer the pressure-based control over the other tested techniques.
Design Guidelines and Recommendations
While pressure-based control thus has clear benefits to controlling the gain factor, it is sometimes also necessary to set a well-defined gain factor value. Such control is difficult with pressure input, but is easily facilitated by a slider or text widget as highlighted by three participants. So while we advocate the use of pressure input in general, it may be useful to integrate it with a way to set an explicit value though a slider or otherwise, for example for expert users or in professional tools. In fact, nothing prohibits the implementation of all four techniques, with a possibility to set the main technique based on personal preferences. Yet, we still recommend to use pressure-based control as the default due to its discussed performance benefits.
Limitations
Despite our careful experimental design there are some limitations to be mentioned. In particular, there may be a bias towards the novelty of the pressure-based control-after all, it has only recently been introduced to mobile device interaction for the general public. We also argue, however, that the overall tangible manipulation was new as well to our participants and that, therefore, the novelty effect of pressure-based manipulation was likely not too large. While no participant reported being tired or feeling any particular fatigue in our first study which exposed them to pressure manipulation for 20 minutes, we-for the sake of performance evaluation-reduced the interaction time for each technique to approximately 6 minutes. This reduction implies that further work is needed to check the influence of each technique on fatigue or physical demand with a longer exposition time. In addition, the task we asked our participant to carry out was a generic 3D manipulation task. While it is used in many 3D studies, it may not completely resemble the 3D interaction tasks needed for specific 3D interaction scenarios. Pressure-based control should thus also be evaluated in the context other application domains, including those that rely on less abstract tasks than 3D docking.
CONCLUSION
With our design and evaluation of a pressure-based interactive control of the gain factor for 3D navigation we identified an appropriate channel for such manipulations-one that is independent from the otherwise dominant channels such as tactile and tangible input. Our first experiment guided our interaction design and the specific pressure mapping we used, while the second experiment provided clear evidence for the advantages of the new design over other types of input.
One of the most important insights we derive from our experiments is that the use of pressure input allowed our participants, in particular, to focus on their 3D manipulation task without the need to constantly reflect the interaction mapping (as it was the case for speed-based and rate control) and without the need to constantly change their interaction focus to be able to interact with a separate widget on the display (like it was necessary for slider-based control). We argue that our participants were thus more effective in their interaction (better performance), without pressure-based control causing any additional cost on workload or fatigue.
In our work we used a specific back-of-device design to enable pressure-based interaction. While we believe that this setup has advantages with respect to the ergonomics of the interaction with the tablet and the use of screen real estate, the general use of pressure as an input channel for gain factor control does not require the use of such a back-of-device design. Input could thus also be provided on the front of the device-and there are already commercially available devices that offer such display-based pressure sensing. Moreover, due to the specific character of the gain factor control that only requires the input of differences-and not of precise, absolute input values-it is also possible to use existing pseudo-pressure sensing [1, 2] which could be explored in the future.
Our work thus provides guidelines to implement gain factor control for 3D manipulations and other forms of interaction, for a variety of mobile devices. Our results, however, may also be generalizable to the control of other scalar values where only relative changes are important and constant visual feedback is provided.
